INTRODUCTION
Age-related macular degeneration (AMD) is one of the most common pathologies in the retina, consisting in a chronic degenerative disorder that constitutes the leading cause of blindness in the elderly, probably affecting fourteen million people in the United States. AMD is a multifactorial disease in nature in which age is the predominant risk factor although there are also environmental factors involved. In this regard, smoking is thought to be a major environmental risk factor as supported by extensive epidemiological evidence (1) (2) (3) (4) (5) . AMD develops in two different stages: early AMD (also referred to as dry AMD) and the late stage of AMD known as wet AMD, by virtue of the extensive neovascularization taking place in the retina choroid. While there is a fair understanding on the mechanisms involved in wet AMD, little is known about dry AMD and its transition into the most severe stage of this disorder, i.e. wet AMD (6) .
Early AMD targets the retinal pigment epithelium (RPE) and the Bruch's membrane (BrM) in the retina. The RPE constitutes a cell monolayer which is crucial to keep a normal photoreceptor function. In fact, RPE participates in the cycling of the visual molecules, provides nutrients to rods and cones, and is responsible to withdraw waste debris from the outer segments of photoreceptors (7) . The early stage of AMD is characterized by initial deregulation of the normal extracellular matrix (ECM) turnover leading to thickening of the BrM, sub-RPE deposit accumulation, and drusen formation (8) . As mentioned earlier, cumulative evidence suggests that smoking may constitute a major risk factor for early AMD.
In fact, we and others have provided evidence that hydroquinone (HQ), a major component of cigarette smoke, has the ability to deregulate the ECM (9) (10) (11) (12) .
Aside from cigarette smoke, HQ is a compound of environmental relevance due to its broad presence in plastics, foodstuff and air pollution (13, 14) .
Mild injuries inflected to the retina elicit a cellular response in the RPE consisting in pinching off small areas of the plasma membrane, which renders small microvesicles called blebs (15). The reason(s) behind membrane blebbing remains unknown, even thought it has been postulated to be an attempt to discard damaged cellular constituents by the RPE cell (8) . Under prolonged injury, blebs may accumulate between the RPE and the basal lamina underneath this cell monolayer. Based on this concept, a plausible role for blebs in the pathogenesis of dry AMD has been suggested as likely contributor to build-up the sub-RPE deposits, which are characteristic of the early stages of this disorder (8) . To date, however, RPE bleb composition and potential functions remain largely unexplored.
However, membrane bleb or microvesicle production stimulated by a variety of stress has been extensively described in many different cell types (16) (17) (18) (19) (20) (21) (22) (23) . In order to gain a better understanding of the functional relevance of blebs in general, and the pathogenic mechanism(s) involved in early AMD in particular, we sought to investigate the identity of proteins carried by human RPE blebs.
Previously microvesicles from lymphocytes has been subjected to analysis leading to the identification of a number of proteins (24) . In our study, we show the proteomic characterization of stress-induced blebs in RPE cells from human retina. We report identification of several proteins, some of them potentially involved in matrix metalloproteinase (MMP) activation, membrane lipid raft formation, and immunogenic processes. Interestingly, RPE blebs were found to carry basigin (including highly glycosylated species) and MMP-14, which are key proteins regulating the ECM turnover and remodeling. A previous proteomic study also has revealed presence of basigin in the blebs from malignant lymphocytes (24) . In the present study, we intended to gain some insight into functional characterization of blebs in order to unravel some of the biological consequences of cell membrane blebbing in disease.
EXPERIMENTAL PROCEDURES
Cell culture and bleb isolation -Cell culture materials were purchased from Invitrogen-Gibco (Carlsbad, CA µg/mL penicillin/streptomycin, and 0.348% Na 2 HCO 3 ). Cells were maintained at 37 °C in a humidified atmosphere containing 5% CO 2 and 95% air. For the experiments, confluent cells were split and plated at subconfluent density (2 x 10 5 cells) and grown to confluence. Cells were then prepared for the experiment by changing the maintenance medium to assay medium (i.e. maintenance medium without phenol red) for tow days. This medium was then replaced with assay medium which was supplemented with 1% FBS instead of 10% for one day.
Subsequently, the medium was changed to the assay medium supplemented with 0.1% FBS. At this time, 100 µM HQ was added for 6 hours. Conditioned medium was recovered and centrifuged at 100 g for 15 minutes at 4°C. Pellet was washed twice with phosphate buffered saline (PBS) and centrifuged again at 100 g for 15 minutes at 4°C. Protein content of the pellet was determined using a kit from Bio-Rad (Hercules, CA) based on the Bradford method. 
Electrophoretic separation and trypsin digestion

RESULTS
RPE Bleb Induction and Isolation -ARPE-19 is a human immortalized cell line which is widely used as RPE model in vitro (29). Previous studies by our lab
have shown that stress induced with HQ (100 μM) for 6 hours results in membrane bleb formation without compromising cell viability in ARPE-19 cells (10, 11) .
In order to monitor bleb formation under the established HQ treatment conditions (100 μM, 6 hours), ARPE-19 cells genetically modified to express green fluorescent protein (GFP) were utilized. These cells express a fusion protein of GFP with a small G protein fragment that targets GFP to the plasma membrane (12) . Therefore, membrane bleb formation can be easily visualized under an epifluorescence microscope.
Non-treated, control ARPE-19 cells generated only a reduced number of blebs. However, incubation with HQ (100 μM) for 6 hours notably increased the amount of membrane-generated blebs (Fig.1) . A survival curve using different times of exposure to HQ (100 μM) confirmed that cell viability remained unaffected (data not shown).
The protocol to isolate blebs is described under Experimental Procedures, and outlined as a scheme in Fig.2A . A large volume of cultured ARPE-19 cells treated with HQ were required to obtain the amount of protein necessary to perform this study. Cultured cells were adequately monitored to assure the absence of apoptosis, which might have contaminated the bleb population with apoptotic bodies.
Staining of RPE Bleb proteins -RPE bleb proteins were fractionated on one-dimensional (1D) rather than two-dimensional (2D) SDS-PAGE. Based on the scarcity of the biological material (RPE blebs), it was not advisable to resolve proteins by 2D SDS-PAGE in order to minimize protein loss (30-32).
RPE bleb protein profile was analyzed loading 10 μg of total proteins and using two different stains, i.e. Coomassie blue and silver. Silver staining is more sensitive than Coomassie and allowed to detect more bands (Fig.2B) . However, some proteins were only selectively stained by Coomassie and not shown with the silver staining procedure. The combined use of both staining methods (Coomassie and silver) assures the detection of bands that are specifically recognized by one reagent but not by the other. Prominent bands were detected at approximately 36 and 40 kDa (two bands), 10 and 14 kDa (two bands), and ≤ 3 kDa (single broad band) with Coomassie blue. The identity of proteins in this lower molecular broad band is likely to be statherin and histatin among others, which are salivary calcium bound phosphoproteins. Staining total proteins with silver stain showed some major additional bands in the approx. 25 to 50 kDa region, but failed to reveal any protein in the lower molecular region, that is ≤ 3 kDa proteins (Fig.2B) .
Identification of RPE Bleb Proteins -Liquid chromatography and tandem
mass spectrometry (LC-MS/MS) of in-gel trypsin digested RPE bleb proteins identified a total of 314 proteins (Supplemental Data). Selected proteins with at least two peptide matches with good spectra are shown in Table I . Proteins identified were subjected to functional clustering analysis by using the Kyoto Encyclopedia for Genes and Genomes (KEGG) Pathway database (Fig.3 ). This functional characterization of proteins from blebs yielded glycolysis, oxidative phosphorylation, cell junction, and actin cytoskeleton regulation as the cellular pathways whose members are more frequently featured in RPE blebs. Focal adhesion, leukocyte transendothelial migration, and antigen processing and presentation are also potentially interesting categories represented in RPE blebs.
To complement the information provided by KEGG, a pathway network MetaCore analysis was performed using the Genego portal for examination of potential regulatory networks related to proteins identified in the RPE blebs. Cell adhesion and immune response were some relevant cell processes highlighted by the MetaCore analysis on the proteins detected by LC-MS/MS in blebs (Table II) .
Interestingly, basigin and matrix metalloproteinase (MMP)-14 were identified in the RPE blebs. Both proteins are of especial relevance to the dry AMD pathology as they promote MMP-2 activation, which is a key enzyme involved in the RPE extracellular matrix remodeling.
Western Blot Analysis -To validate the results of the proteomics profiling, semi-quantitative Western blot analysis of basigin and MMP-14 was performed.
Non-treated, control ARPE-19 cells, HQ-treated ARPE-19 cells, and membrane blebs generated after HQ-induced stress were analyzed (Fig.4A ). The basigin immunoblot shows a double-band pattern, i.e. a thin, lower molecular band that corresponds to the non-glycosylated basigin, and a wide, upper molecular band which represents basigin highly glycosylated at different degrees. Importantly, blebs were shown to harbor highly glycosylated basigin, which is the type of posttranslational modification that confers basigin its ability to induce MMP activity.
To verify that the upper band of basigin is the result of glycosylation, we subjected proteins extracted from the RPE membrane blebs to digestion with the enzyme Peptide: N-glycosidase F (PNGaseF), which cleaves carbohydrate residues from N-linked glycoproteins. Western blot analysis showed the disappearance of the upper, broad band of basigin after digestion with PNGaseF (Fig.4B) . Altogether, the results confirm that both (highly glycosylated) basigin and MMP-14 are carried by the RPE membrane blebs.
Immunohistochemical Analysis -To corroborate in human tissue the expression of basigin and MMP-14 found in the human cell line ARPE-19, eye sections from eye donors were subjected to immunohistochemical analysis (Fig.5) . Negative controls for the immunostaining were obtained by omission of the primary antibody ( Fig.5A and 5B). Expression of basigin was shown to be confined to the RPE in a normal, healthy retina (Fig.5C ). In contrast, the retina of a dry AMD eye reveals a widespread basigin staining including the Bruch's Membrane (BrM) and even the choroid areas, consistent with the hypothesis that blebs might carry typical RPE proteins to distal locations (Fig.5D) . Similarly, MMP-14 expression is predominantly located at the RPE in a normal, healthy retina (Fig.5E ). Interestingly, likewise basigin, MMP-14 immunostaining of a dry AMD retina shows extensive expression of this protein, although at lower intensity than basigin (Fig.5F ).
Gelatinase activity by MMP-2 -To gain some insight into the potential physiological relevance of the basigin and MMP-14 proteins carried by blebs, ARPE-19 cells were incubated with isolated blebs for 24 hours and MMP-2 activity assessed. Interestingly, MMP-2 activity resulted significantly increased in the condition medium containing blebs (Fig.6) . A dose-response study was first established to determine an adequate bleb dose inducing a clear increase in MMP-2 activity (Fig.6A) . The number of blebs was determined using a Z1
Coulter An interesting protein detected in our RPE bleb study is basigin, which has previously been reported in malignant lymphocytes (24) . A previous proteomic Only the glycosylated form of basigin is able to induce the activity of MMPs (56) , and our study reveals that RPE blebs carry highly glycosylated basigin. Noteworthy, there is evidence in nonocular tissues that basigin may be transported through microvesicles which are later on degraded, releasing fulllength soluble, active basigin (57) . This proposed mechanism may have profound consequences in physiology as it permits basigin to exert its actions at distant sites. In this context, MMP-14 is an interesting candidate for the basigin shedding as our study found this protein to be carried by the RPE blebs along with basigin, as assessed by proteomic and Western blot analyses. This view is supported by a recent study which provides evidence that MMP-14 seems to be responsible for the cell-mediated shedding of basigin in tumor cells (58) .
The Western blot analysis of MMP-14 reveals a lower level of expression of this protein in cells incubated with HQ (Fig.4A ). This finding might be explained by a partial decrease of cellular MMP-14 content due to the loss of MMP-14 in the blebbing process. The occurrence of flotillin-2 in the HQ-induced RPE blebs, suggesting that they might be generated in lipid rafts, together with evidence in other cell types that MMP-14 appears associated to these microdomains support this view (59) (60) (61) . The loss in MMP-14 might account, at least in part, to the observed decrease in MMP-2 activity after incubating ARPE-19 cells with HQ ( Fig.6B) , effect which has been previously reported (9, 11) . Members of a family of proteins called Tetraspanin have also been detected by our proteomic analysis of RPE blebs. In particular, our study shows that CD9, CD44, CD63, and CD81 are present in RPE blebs (Table I) Additional studies performed on erythrocytes have extended this array of microvesicle functions suggesting relevance to inflammation (22, 23) .
Microvesicles that are shed from cells have often been generically termed as ectosomes and proposed to constitute a sorting mechanism to disseminate proteins which may be relevant to some pathological disorders. In this regard, RPE blebs might resemble the so called ectosomes, which seem to be involved in promoting processes of inflammation and coagulation. From our proteomic analysis is not possible to assure that RPE blebs are ectosomes, given that different cell types seems to exhibit distinct arrays of proteins in their microvesicles. However, RPE blebs might be considered as ectosome-like microvesicles if confirmed that they have the ability to elicit specific immune responses. Interestingly, the in silico Genego MetaCore analysis performed on our RPE bleb proteomic profile supports this view by predicting a number of putative processes of cell adhesion and immune response associated to RPE blebs ( Table II) . Demonstration that RPE blebs may contribute to the local recruitment of immune cells and/or exacerbation of inflammatory events, would represent at least in part a potential mechanism to explain the transition from early (dry) AMD towards late (wet) AMD. Ongoing experiments aim at confirming immunogenic properties of RPE blebs in our laboratory.
In conclusion, the present study provides a proteomic characterization of 
